Introduction
Industry and scientic research rely upon the ability to determine quantities accurately and unequivocally and, to achieve that, establishing common guidelines for measurements and reference samples for calibration is important. Metrology tackles this issue to provide the basis for a single, coherent system of measurements throughout the world, traceable to the International System of Units (SI), with the respective universal practical realisation of the units and methods of measurement.
Raman spectroscopy is an analytical technique with increasing industrial applications, but it currently lacks reference materials. The application of certied reference materials (CRMs) in analytical chemistry for quality control purposes is well recognized and recommended by a wide range of international, national and professional organizations. In this work we propose a fabrication method for a candidate reference sample for spatial resolution calibration of Tip-Enhanced Raman spectroscopy (TERS) setups. TERS combines plasmon-enhanced Raman spectroscopy and scanning probe microscopy (SPM), a technique which has been developed to measure spatial features of surfaces with nanometric resolution, allowing simultaneous chemical and topographic mapping of surfaces with nanometric resolution.
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In SPM, a tip with a sharp apex allows probing of areas a few nanometres wide and the reconstruction of topographic images with spatial resolution much higher than conventional optical microscopy. Indeed, the latter is diffraction-limited, making it impossible to resolve features smaller than approximately half of the light wavelength (for visible light, no less than about 200 nm), while SPM can achieve atomic spatial resolution depending on the characteristics of the probe, the feedback and the apparatus employed.
In a TERS setup, a metallic SPM tip is illuminated by a laser beam. The emitted signal is collected by a microscope objective and analysed by a Raman spectrophotometer. By combining the two techniques, it is possible to register topographic and chemical maps, each with a spatial resolution (usually quantied by the ability to spatially resolve two adjacent targets, or by calculating the FWHM of the prole of a sharp feature in the image) dictated by the probe apex and comparable to its nanometric dimensions.
6-11 To achieve TERS, the surface plasmons on the probe tips must resonate with the excitation laser electromagnetic frequency so that a plasmonically enhanced, Ramanamplifying electromagnetic eld is formed, and is localised in the vicinity of the tip apex.
1 This physical phenomenon is the same as in surface-enhanced Raman spectroscopy, but in TERS the Raman signal amplication is bound to a single, restricted region (a hotspot), from which the SPM feedback also arises. Raman-amplifying SPM probes may be fabricated by either coating a classical SPM probe with an appropriate metal, or by shaping a probe from solid metal such as a wire (silver or gold are widespread choices for visible excitation wavelengths).
Even though in the literature many signicant results have been obtained by exploiting TERS capabilities, including single-molecule and ultrafast mapping, and TERS has been applied to diverse environments such as ultrahigh vacuum and liquids, [12] [13] [14] one of the most urgent issues is related to the questions about reproducibility of the results and the standardization of the methods. Actually, while metrological SPMs have been already developed, the way towards metrological TERS has yet to be paved. By metrological SPM, it is possible to trace three-dimensional length measurements to the length SI standard with nanometric accuracy. 15, 16 By metrologically calibrated TERS, the chemical information will be traceable to the SI as well and, at the same time, the measurements will gain in terms of reproducibility.
In this paper, a candidate sample suitable to achieve TERS chemical imaging traceability to the metre by means of an SPMbased calibration procedure for nanometric accuracy is presented. It is designated to be both highly thermally and electrically conductive to minimise radiation heating and for measurements with both force-based and tunnelling current TERS feedbacks, making it a suitable candidate to be a universal TERS standard for calibration and comparisons, regardless of the apparatus specications. 17 Its gold surface, albeit at, further enhances TERS signals, leading to measurements in gap-mode, resulting in much more intense signals than those arising from a non-gap mode TERS measurement, 18 and a much lower detection limit. 19 The sample is characterised during the different steps of the production process with several techniques, including confocal Raman, AFM, and TERS imaging in STM feedback.
Experimental

Sample
The sample was manufactured as described in Fig. 1 20, 21 selectively bonded on the exposed Au portion of the sample. The specimens were then thoroughly rinsed in ethanol and dried with nitrogen. At the end, to remove the PMMA resist, the samples were sonicated in acetone ($99.8%, Carlo Erba) for 5 minutes (37 kHz at 30 C), rinsed with ethanol and nitrogen ux dried.
Apparatus
TERS measurements were performed in ambient conditions and in STM feedback with a NT-MDT Ntegra scanning probe microscope, equipped with a 10 mm Â 10 mm piezoelectric scanner and customised with mirrors to allow tip illumination and scanning of the Raman laser excitation source (He-Ne 633 nm, electrically pumped, continuous, linearly polarized) from a modied Thermo DXR spectrometer, responsible for the spectra acquisition as well. The system achieves 5 cm À1 spectral resolution in the 50-3600 cm À1 spectral range. Illumination of the tip and signal collection is mediated by a 100Â, long working distance microscope objective (Mitutoyo M Plan Apo 100, 0.7 NA) in a top illumination conguration (Fig. 2) . 22 The TERS tips were fabricated by electrochemical etching of a 0.25 mm diameter Ag wire (99.99% purity, from SigmaAldrich) in a 1 : 2 v/v solution of perchloric acid (70% HClO 4 in water, from Merck) in methanol (special grade, by Carlo Erba) by applying a (8.1 AE 0.1) V voltage difference with respect to Fig. 1 Scheme of the steps of the standard production process. The initial flat 20 nm Au surface (a), deposited on SiO 2 with a Ti adhesion layer, is covered by a 50 nm PMMA mask (b), which is then selectively exposed to EBL (c). After the mask development, bare Au areas remain (d), where thiols can selectively bond. The surface is soaked in a thiol solution until a self-assembled monolayer is formed (e), then rinsed, and sonicated in acetone to remove the mask. After this process, the gold surface with a nanopatterned thiol SAM is ready (f). a circular Au cathode. [23] [24] [25] This mechanism was electronically controlled by a homemade feedback circuit that automatically cut the voltage aer the wire drop-off and the tips were formed, standardising the procedure to make it operator-independent in order to obtain apices whose curvature radii were centred around 40 nm, with a dispersion of 10 nm. AFM measurements were performed using the Ntegra SPM, in semi-contact mode in order not to modify the structure of the PMMA, using uncoated NT-MDT VIT-P top visual Si probes (resonant frequency $300 kHz). Confocal Raman measurements were carried out using the TERS apparatus without the tip mounted or with the out of focus tip when reported. TERS chemical intensity maps were calculated by measuring the area of the Lorentzian functions best tting the peaks in the AE50 cm À1 spectral region centred on the wavenumber of the signal on which the map is based, aer background subtraction. The enhancement factors reported were calculated by measuring the height of the tted Raman signal used for the calculation aer background subtraction; when noise was considered, the standard deviation of the noise in the 1750-2250 cm À1 region (aer background subtraction) was utilised.
Results and discussion
Mask characterization
Preliminary measurements with both STM and confocal Raman veried that the Au/Ti evaporated surfaces are fully conductive and completely Raman inactive aer thiophenol deposition. AFM tests and following characterizations also demonstrated that these substrates have a low roughness (ISO 4287 parameters for surface roughness: S q ¼ 2.3 nm, S a ¼ 1.8 nm). Moreover, they are robust enough to withstand vigorous AFM measurements in full contact, and mask deposition and li-off by sonication. While it is possible to draw any kind of patterns onto the mask, simple and regular geometries are desirable for its use as a calibration standard. 26, 27 Repeating long, straight, parallel lines in a known direction respectively to the Si wafer were chosen in this study. Different EBL doses and varied line spacing were employed in order to establish the appropriate conditions for proper exposure, avoiding incomplete development due to insufficient doses, as well as averting overexposure and distortion/merging of pattern elements by determining the minimum line distance at which distinct features subsist when doses adequate for full exposure are employed. Aer development with MIBK, the samples were measured with semi-contact AFM. In Fig. 3 , an AFM map of the optimised mask is shown; since the mask height is 50 nm, trench depths below this value are to be considered underdeveloped, since the Au surface below is necessarily covered by PMMA. Aer several dose experiments a dose of 670 mC cm À2 has been chosen as optimal for the fabrication of a reliable mask with predictable bare Au areas for subsequent thiol chemically selective bonding.
TERS imaging
TERS chemical imaging in STM mode was performed on the nalised samples in order to verify the presence and the integrity of the monolayers, and that the masks were completely removed by the treatment. This was proven by the fact that no PMMA signal was measured on the surfaces. Moreover it was veried that the portions of the surfaces that were supposed to remain pristine (because of the mask coverage and subsequent li-off) were actually free of thiols, and that the molecules had not diffused onto them instead. In Fig. 4 , a TERS chemical map of one of the thiophenol patterned surfaces is shown, the red colour representing the 1074 cm À1 peak intensity (n CC + d CH ). 17 Very recognisable parallel lines, corresponding to the spatial features previously measured on the PMMA masks, are clearly visible, and interspersed with zones with near zero intensity. An investigation of the corresponding spectra shows that no chemical was detected on these black areas, while pure benzenethiol spectra are registered on the lines corresponding to the organic pattern.
In order to test the limits of the our sample production process, a thinner pattern was drawn and a grating of thiophenol with lines roughly 8 nm wide were obtained. The resulting TERS chemical map of the 1074 cm À1 Raman shi can be seen in Fig. 5 : lines with width of (9 AE 4) nm were measured (the line width is dened here as the mean and standard deviation of the FWHMs of the Gaussian interpolations of several intensity proles along the scans). The map was measured with a 7.5 nm pixel size: by the Shannon-Nyquist theorem, faithful sampling cannot be performed at a rate lower than the Nyquist rate (i.e. half the lateral dimensions of the features, or about 16 nm in this case), hence the reconstructed lines are prone to strong aliasing. Thiophenol is a widely used molecule in plasmon-enhanced Raman studies, 17 but the aforementioned patterning approach was investigated for the application to a different thiol as well. The chosen molecule was 7-mercapto-4-methylcoumarine (MMC), a relatively unexplored molecule in TERS that was found to yield much more intense plasmon-enhanced Raman signals than thiophenol. In Fig. 6 , a TERS chemical map of the nanopatterned MMC sample aer mask li-off is shown, coloured based on the intensity of the 1593 cm À1 MMC C]C stretching band. 28, 29 Nevertheless, this map exhibits feeble MMC signals in areas that were covered during the molecule deposition step of the fabrication process, suggesting lesser stability of the monolayer during the mask li-off process, or because of tip contamination during the TERS measurement, or both.
Beside the spatial distribution, the Enhancement Factor (EF) can be estimated too from the TERS maps. The EF is oen dened 30, 31 as the factor by which the Raman effect is amplied by the tip in the effective hotspot area, hence:
where I TI is the signal intensity measured when the tip is in the vicinity of the sample, I TO represents the Raman intensity measured when the tip is away from the sample, while A NF and A FF stand for the volume investigated by the hotspot (in the present study approximated as a sphere with a radius equal to the tip apex radius) and the confocal volume respectively, to take into consideration the different number of molecules from which the signal arises. In this study, given the assumption of a perfect SAM on a at surface, the volumes ratio is the same as the ratio of the areas resulting from the intersection of said volumes with the monolayer plane. However, because of the very small quantity of analyte in the few mm 2 of investigated SAM area, no thiol Raman spectrum is detectable: therefore, an accurate estimate of the actual EF cannot be achieved; nevertheless, its lower limit can be determined if N TO , dened as three times the standard deviation of the noise when the tip is far from the sample (a conventionally accepted threshold for the denition of detection limit in spectra
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), is treated as the maximum possible intensity for the TO spectrum (i.e. the maximum undetectable signal): The lower EF limits were found to be EF > (2.2 AE 0.5) Â 10 7 for thiophenol, and EF > (1.0 AE 0.2) Â 10 8 in the case of MMC. In surface-and tip-enhanced Raman spectroscopy, it is common to be unable to resolve a non-enhanced signal from the confocal Raman measurements. A formula for the EF estimation in such a case, adapted from 29 for TERS, is the following:
from which an EF of (1.7 AE 0.4) Â 10 8 for thiophenol, and an EF of (7.4 AE 1.6) Â 10 8 for MMC is calculated.
A comparison between the TERS chemical and topographic images on these substrates can be carried out in order to extract dimensional information about the probe chemical capabilities. The aforementioned line patterns are quite practical for this purpose, because measuring the lines width in both maps is straightforward, and it generates a large sample size, given that each scan can be considered an independent measurement. In Fig. 7 , the topographic and chemical TERS maps of the same sample area are shown, with the corresponding statistical analysis. While the sample is at and the SAM lines have modest thickness, quite noticeable trenches are visible in the topographic map. This is due to the difference in conductivity between the naked, previously masked gold areas and the SAM areas on gold: in a constant current STM map such as this, less conductive areas on a at sample are registered as spatially lower because of the tip movement necessary to maintain the feedback. Each thiol line and tip scan were considered as independent measurements of the same quantity, namely the line width dened as the distance between the two edges at 10% of the maximum intensity (in the chemical map) or depth (for the STM map). The lines have a mean width of m ¼ 25.9 nm with a standard deviation of s ¼ 3.5 nm in the STM measurement, and a mean of m ¼ 28.1 nm with s ¼ 3.9 nm standard deviation in the chemical image. This indicates a larger line width in the chemical map, most likely caused by the larger effective probe size: while a probe used in STM can be approximated to have apex dimensions of a fewÅ, with a similar interaction radius with the surface, 33 TERS hotspots are signicantly broader. An SPM spatial measurement yields the convolution of the target feature with the tip shape and size, therefore these ndings are consistent with the expected effects.
Conclusions
In the present work, a candidate reference sample for calibration of TERS spatial resolution was proposed, consisting of a at gold surface with customizable thiol monolayer nanopatterns; this sample is expected to be suitable for both STM and forcebased TERS feedbacks (AFM, shear force microscopy). The ideal conditions for its fabrication were found by AFM measurements during production, and the nal product was tested with TERS mapping in STM mode. To test the extent of its customizability, both a proven TERS model molecule, thiophenol, and a novel thiol for TERS measurements, 7-mercapto-4-methylcoumarin, were used for the fabrication of the substrates. The benzenethiol surfaces were found to be very stable, and the expected pattern was measured with a quite good Raman signal. The MMC monolayer was found to have a much greater TERS signal with respect to the thiophenol SAM: the former molecule was measured to have an EF lower limit more than 4 times larger than that of the latter; however, the measurements suggest that the stability of the MMC system is somewhat lower than those of the thiophenol SAM. A numerical comparison between the topographic and chemical components of a TERS image was performed as well. The low dispersion of the thiol lines in both the physical and chemical image of the nanopatterned monolayer, as well as the accordance of these measurements to the predictions, indicate that this substrate is a viable candidate reference sample for the calibration and comparison of TERS spatial resolution.
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